A systematic approach to the analysis and design of a bi-directional Cûk converter for the cell voltage balancing control of a series-connected lithium-ion battery string is presented in this paper. The proposed individual cell equalizers (ICE) are designed to operate at discontinuous-capacitor-voltage mode (DCVM) to achieve the zero-voltage switching (ZVS) for reducing the switching loss of the bi-directional DC/DC converters. Simulation and experimental results show that the proposed battery equalization scheme can not only enhance the bi-directional battery equalization performance, but also can reduce the switching loss during the equalization period. Two designed examples are demonstrated, the switch power losses are significantly reduced by 52.8% from the MOSFETs and the equalization efficiency can be improved by 68-86.9% using the proposed DCVM ZVS battery equalizer under the specified cell equalization process. The charged/discharged capacity of the lithium-ion battery string is increased by using the proposed ICEs equipped in the battery string.
Introduction
Because a single battery cell voltage is limited due to the active materials' chemistry, battery cells connected in series are usually employed in many applications, such as electric vehicles (EV), hybrid electric vehicles (HEV), or telecom battery energy systems. Imbalanced cell voltage within a series string can be attributed to the differences in the cell's internal resistance, imbalanced state-of-charge (SOC) between cells, degradation and the ambient temperature gradients of the battery pack during charging and discharging. Voltage monitoring and current diversion equalization schemes and battery management systems (BMS) have been presented in the literature to prevent imbalances during charging and discharging in a series connected battery cells [1] - [3] .
Integrated individual cell equalization schemes (ICE) for battery pack applications have been proposed to equalize battery strings [3] - [6] . The bidirectional battery equalization scheme has many advantages such as higher equalization efficiency for non-dissipative current diverters, and a modular design approach [3] . The disadvantage of this equalization scheme is that the stored energy in the inductor is transferred to the weaker cell only in the (1 − D)T s duty cycle. The equalization time and efficiency of this equalization scheme are therefore poor for practical battery equalization applications in a smart battery management system (SBMS) [6] - [11] . Battery equalization control should be implemented to restrict the charge-discharge current to the allowable cell limitations in the battery string. Cell balancing control is designed to obtain the maximum usable capacity from the battery string. However, battery string charging and discharging are limited by any single cell reaching its end-of-charge voltage and by low voltage threshold, respectively. Cell balancing algorithms search to efficiently remove energy from a stronger cell and transfer that energy into a weaker one until the cell voltage is equalized across all cells. This enables additional charging capacity for the entire battery string [4] . Complete cell voltage balancing is performed using a bi-directional dc-dc converter based on the Cûk converter [9] , [11] . This unit can be designed to operate at the DICM or DCVM to obtain soft switching in MOSFET switches [11] - [15] . The discontinuous conducting mode of a Cûk converter is generally of used in applications of the power factor correction technology [16] - [18] and the maximum power point tracker of PV panels [15] , [19] . The analysis and design of the uni-directional power flow control scheme Cûk converter in discontinuous capacitor voltage mode (DCVM) was already discussed in [15] , [16] , [18] . The aforementioned analysis and design method of the uni-directional Cûk converter operated at DCVM can not be totally adopted for the battery equalization application due to the alternating characteristics of the cell voltage balancing process in the charge/discharge of battery string [3] , [4] , [7] - [9] . The continuous and discontinuous inductor current modes of the bi-directional Cûk converter application for cell voltage balancing control of lithium-ion battery strings were investigated in literatures [11] and [20] , [21] , respectively. The main contribution of this paper is the first application of the bi-directional Cûk converter operating at DCVM in the design and analysis of the individual cell equalization control of the lithium-ion battery strings. Two designed cases are used to demonstrate the performance in the proposed ICEs for reducing the switching power losses of the MOSFET switches and increasing the equalization efficiency and battery string capacity.
The consideration and experience for the cell balanc-
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• The equalization algorithm will be started when the voltage difference between two adjoining cells exceeds 0.0196 (V) (hardware resolution limit of A/D converter, ADC0804) to minimize the cell-to-cell imbalance.
• During the charged equalization state, the cell voltage can not exceed its end-of-charge voltage (about 4.1 V/cell) to prevent overcharging to damage the active materials.
• During the discharged equalization state, the cell voltage can not go below its low voltage threshold (about 2.8 V/cell) to prevent overdischarge and damaging the cell capacity and life.
• When the voltage difference between adjoining cells is large then it needs a higher equalization current to speed up the time required to execute a balancing algorithm, the maximum equalization current limit is 2.5 A.
• When the voltage difference between adjoining cells is small then it needs a small equalization current to prevent low voltage cell overdischarge, the minimal equalization current limit is 0.5 A.
• If either a cell voltage in the battery string exceeds its end-of-charge voltage during charge equalization state, or one cell voltage in the battery string reaches its low voltage threshold during discharge equalization, the BMS will send a command to stop the cell voltage balancing process.
Topologies Description of the ICEs
The studied battery charging system with the proposed ICEs and the microprocessor based BMS is shown in Fig. 1 . The system is composed of n battery cells and (n − 1) ICEs. The jth module is comprised of two inductors L j and L j+1 , an energy transfer capacitor C j , and two power MOSFETs with body diodes as the battery cell-balancing switches. The single module of the ICE is redrawn and simplified in Fig. 2 . The cell voltage balancing control algorithm for this equalization scheme is instructed by a microprocessorbased BMS. The energy between the adjoining battery cells is transformed through the energy transferring capacitor for cell voltage balancing. The energy transfer direction is determined by the cell voltage and/or SOC difference in the battery string and conduction from the controlled power MOSFET switches [9] . The two adjoining cells voltages are balanced by switching the MOSFETs on/off according to the PWM signals generated from the BMS. The PWM signals correspond to the respective cell voltage through the microprocessor-based BMS, which controls the switches Q j and Q j+1 . The initial capacitor voltage V C j equals V B j + V B j+1 . For example, the PWM control signal turns on/off the Q j to transfer some of the stronger cell voltage, V B j , to the weaker cell, V B j+1 . The stronger cell energy is transferred from cell V B j to cell V B j+1 . Conversely, if the cell V B j+1 is stronger than cell V B j , the stored chemical en- ergy is transferred from cell V B j+1 to cell V B j by controlling the Q j+1 . The equalization process will be uninterrupted until the voltages in the remaining cells are all equalized to the same end-of-charge or end-of-discharge level. The proposed bidirectional battery equalizer is designed to operate at DCVM for achieving the zero voltage switching to reduce the MOSFETs switching losses. The DCVM operation principle of proposed ICE is described in the following section.
Circuit Analysis of the jth ICE
The inductors L j and L j+1 are assumed to be large enough to operate in continuous inductor current. In addition, the capacitor is also sufficiently small so it can be fully discharged during the switching period. Where T s is the converter switching period, the detail equivalent circuit of the proposed battery equalization schemes are shown in Figs (c) Q j+1 turn-off and D j turn-on. can be explained as follows: Assume the capacitor voltage v C j has reached a maximum before the main switch Q j is turned on. From the duty cycle t 0 to t 1 = D 1 T s , the switch Q j is turned on and diode D j+1 is turned off at the beginning of the switching cycle t 0 = 0, as shown as Fig. 3(a) . The inductor L j is charged by input voltage V B j and the current i L j+1 through inductor L j+1 is discharged by capacitor C j . The energy stored in C j is completely transferred to the cell V B j+1 , and v C j becomes to zero at t 1 = D 1 T s . From the duty cycle t 1 = D 1 T s to t 2 = DT s , the switch Q j was still on and D j+1 starts conducting to allow i L j+1 to flow since v C j is equal to zero during this interval, as shown as Fig. 3(b) , V B j continues to charge L j and the stored energy in L j+1 is still discharged to V B j+1 for cell voltage balancing control. From duty cycle t 2 = DT s to t 3 = T s , the switch Q j is turned off at t 2 = DT s , and D j+1 is still on for cell voltage balancing. Capacitor C j is charged from zero voltage by i L j . The capacitor voltage v C j reaches maximum value at t 3 = T s , as shown in Fig. 3(c) . The proposed ICE has more than one stage, in contrast to a Cûk converter operating in CICM, where both the MOSFET switch Q j and flywheel diode D j+1 are conducting in the DCVM operation, as shown in Fig. 3(b) . The dynamic equations of the equiva-lent circuit for V B j > V B j+1 in Fig. 3 can be expressed by the following: Fig. 3(a) shows that Q j is turned on and D j+1 is turn-off, and denoted the switching variable u =1 (HIGH state): Fig. 3(b) shows that Q j is still turned on and D j+1 is forced to start turn-on when v C j = 0, and denoted the switching variable u = 0.5 (FLOATING state):
Fig. 4 Equivalent circuit of DCVM for
Stage 3 (t 2 ≤ t < t 3 ), Q j is turned off and D j+1 is still turned on, and denoted the switching variable u = 0 (LOW state):
The compact state equation for describing of the three states mentioned above can be combined and simplified as:
where u is a tri-state switching control variable. It is also suggested that u = 1 (HIGH state) denotes Q j turn-on and D j+1 turned off shown as Fig. 3(a) , u = 0 (LOW state) denotes Q j is turned off and D j+1 is turned on shown as Fig. 3(c) , and u = 0.5 (FLOATING state) denotes Q j and D j+1 are both turned on and v C j = 0 shown as Fig. 3(b) .
The internal resistance of battery cell R B is neglected to simplify the steady state circuit analysis, and the charging/discharging source effect is absent in the principle operation of the converter. If L j and L j+1 are large enough, the ripples in i L j and i L j+1 are small. The time average values of i L j and i L j+1 are denoted as I L j and I L j+1 , respectively. From Fig. 5(a) , the conditions of DCVM operation can be derived as follows. The instantaneous capacitor voltage in the full duty cycle of the DCVM Cûk converter can be expressed by
The power MOSFETs of the modified QRZVS battery equalizer are turned off at the zero current. The sub-duty ratio D 1 in terms of the duty ratio D can be governed as:
The time-average of voltages of v C j and v D j+1 are denoted as V C j and V D j+1 , respectively. This can be determined from (11) as
Therefore, the terminal voltages of the battery cells and the voltage conversion ratio are
Combining (12) and (15) and substituting into (17) to yield
To operate the proposed ICE in DCVM, the inequality should be satisfied, or equivalent
The switching boundary surface of the converter to operate between DCVM and continuous-capacitor-voltage mode (CCVM) is depicted in Fig. 6 . However, the proposed converter may not operate in DCVM when V B j is small because the cell voltages do not have constant dc voltage and depending on the equalization current of the ICE, therefore, the inequalities (20) , (21) and (22) are used to design the proposed ICE that can be guaranteed to operate in DCVM [15] , [16] .
Simulation and Experimental Results

Three Lithium-Ion Cells Module (n=3)
In order to validate the performance of the proposed bidirectional battery equalizer, a Matlab/Simulink simulation and an experiment were carried out for a three cells battery module (n=3) with the two proposed battery equalizers (2 ICEs). Matlab/Simulink simulation was performed for mathematical model of ICEs. A three-modular battery stack with two proposed equalization schemes was used to verify the analysis results mentioned above. The simple signal flow graph is defined using Matlab/Simulink simulation for the proposed ICE Matlab/Simulink model for a three battery-cell, the ICE 1 (composed of L 1 , L 2 , C 1 , Q 1 and Q 2 ) and the ICE 2 (composed of L 3 , L 4 , C 2 , Q 3 and Q 4 ) comprise the block diagram shown in Fig. 7 . The battery storage elements were simply assumed for the battery charge/discharge model, which was established by a battery charge/discharge profile with equivalent series resistor (ESR) from the library of the Matlab/simulink block model. The battery initial voltages, inductors and energy transferring capacitor with ESR were set as
= 230 µH and C 1 = C 2 = 0.66 µF with ESR = 0.001 Ω, respectively. The switching frequency was 16.67 kHz and the duty ratio was D = 0.53 for both V B1 > V B2 > V B3 and V B1 < V B2 < V B3 to ensure that the proposed bi-directional dc-to-dc converter could be designed to operate in DCVM. This can obtain a zero voltage switching (ZVS) to reduce the MOSFET switching loss in the proposed ICEs. The experimental installation of a three-modular lithium ion battery stack with the proposed equalization scheme is used to verify the equalization performance of the three cells battery stack with the proposed ICEs. The driving signals for the equalization schemes are controlled using a microprocessor-based battery management system according to each cell voltage. The driving signals are constructed using a logical switching algorithm, and instructed by the BMS processor of AT89C52. Cell voltages were balanced within 0.0196 (V), due to the hardware resolution, which was limited by the analogue to digital converter (ADC0804). ing current states of the proposed battery equalizers. Therefore, the equalization method can balance all the adjoining cell voltages of the battery string to the same voltage level. Consequently, each cell can be simultaneously charged to the end-of-charge voltage, so the total charging capacity of the battery string would be increased. Figure 11 shows the waveform and the corresponding FFT spectrum of MOS- FET switch power losses, P T = V T * i T . The experimental results of the equalization efficiency of ICE under various operating modes for the specified equalization processing are shown in Fig. 12(a) . The average equalization efficiency of the ICE operated as DICM can be improved from 52% to 60% compared with the equalizer operated as CICM, the maximum equalization efficiency can achieved 62% for this designed test sample. When it is designed as DCVM, the total power losses of the MOSFETs in the battery equalizer can be significantly reduced from 33.5% to 52.8% compared with the same equalizer operated at CICM. The average equalization efficiency can be improved from 52% to 68% compared with the equalizer operating as CICM, and the maximum equalization efficiency can achieve above 70% for this designed case. Using optimally designed passive elements and active devices the equalization efficiency can reasonably improve. The experimental installation of the proposed equalizer is redesigned by the following devices: The MOSFET is chosen as a SBL1040, Schottky diode is selected AM20N06-90D, and the low ESR inductor is wound by a stranded-wires PVF (0.4 mm × 4) around a SENDUST core. Figure 12(b) shows the equalization efficiency of the reformed equalization scheme under a specified equalization process, the average and the maximum equalization efficiency can achieve 86.9% and 89.8%, respectively. The alternating soft switching technology in the ICE design for a future study can significantly improve efficiency. Table 1 shows the differentially designed results and performance comparison of the ICEs operated at CICM, DICM and DCVM under the specified equalization proces- tem is equipped with the proposed ICEs, the maximal cell voltage deviation is decreased to 20 mV, the total charging capacity is increased to 2480 Whr and the charging time for reaching the end-of-charge state is extended to 143.36 minutes. Figures 15 and 16 show the discharging cell voltages and the modular capacity under discharging test for the same testing schemes. The final states of the battery string are: the maximal cell voltage deviation is 0.63 V, the total discharging capacity is 2343 Whr and the discharging time for reaching the end-of-discharge state is 61.46 minutes under the string without ICEs. When the system is equipped with the proposed ICEs, the maximal cell voltage deviation is decreased to 37 mV, the total discharging capacity is increased to 2379 Whr and the discharging time for reaching the endof-discharge state is extended to 65.43 minutes. By using the proposed ICEs for the lithium-ion battery string, each cell can be simultaneously charged/discharged to the endof-charge/discharge state. The total charging/discharging capacity of the battery string is improved under the safe operation specifications.
Comparison of Battery Equalizer in DICM and DCVM
In order to obtain a more complete comparison about the use of bi-directional converters operating in continuous and discontinuous modes for the battery equalizer, design results and performance will be further evaluated in detail, based on the same equalization conditions as in the Table 1 . The proposed ICE schemes operating in CICM, DICM and DCVM can perform the cell voltage equalization, selecting a suitable operating mode is based on various system desired features [15] , [21] . The current ripple in the CICM and DCVM are smaller than that in the DICM. Consequently, the equalization current in the DCVM is smaller, it needs a compensating controller to improve the equalization time during cell balancing process. For the intrinsic characteristics, the maximum voltage stress on a MOSFET switch, V ds max , occurs in the time interval when the switch is turn-off and the diode is turned on. The maximum voltage stress on a diode, V D max , occurs when switch is turned on and the diode is turned off. The voltage stress can be expressed as
The voltage stress in DCVM is higher than that in the CICM and DICM under the same terminal and specified equalization conditions. The maximum current stress on a MOSFET switch and diode, I ds max and I D max at the specified time duration, it can be shown as
for CICM
for DCVM
where I Pk = V B j DT s /L j and I L j = V B j (D + ∆)DT s /2L j , and ∆ denotes the duty ratio when a switch is turned on in DICM. The current stress in DICM is higher than that in CICM and DCVM under the same equalization conditions. Table 1 shows a comparison of ICE characteristics in CICM, DICM and DCVM, respectively. Detailed illustration and observation from Figs. 8-12, 13-16, and Table 1 show several features of the proposed battery equalizers that are summarized and revealed as follows:
• The maximum voltage stresses in the switch and the diode in the DCVM are higher than in the other two modes.
The maximum current stress is significantly reduced compared with the equalizer designed to operate at DICM. The stresses are compared and illustrated in (23) and (24).
• The power MOSFET switches of the proposed battery equalizer are turned off in the zero voltage state. The total power losses of the MOSFETs in the battery equalizer can be significantly reduced from 33.5% to 52.8% compared with the same equalizer operated at CICM.
• The average equalization efficiency can be improved from 52% to 68-86.9% compared with the equalizer operated at CICM. The maximum equalization efficiency of 72-89.8% can be achieved for the DCVM designed sample.
• The charged and discharged capacities in the 12-cells lithium-ion battery-stack module are increased 1.64% and 1.54% compared with the battery string without equipped the proposed ICEs, respectively.
• The DCVM ZVS and DICM ZCS Cûk converter have spent slightly more equalization time to balance the cell voltage to reach the end-of-charge state. Therefore, as a future studied of a smart lithium-ion battery management system, it is necessary to design an equalization controller, which speeds up the equalization processing.
Conclusion
An ICE for the ZVS soft-switching of DC/DC converters has been proposed. The zero-voltage-switching technique can greatly reduce the power losses of MOSFET switch was implemented. The proposed ICE's MOSFET is turned off and the body diode is turned on at zero voltage of the capacitor in DCVM. When the capacitor voltage approaches zero then the body diode of the MOSFET is turned on until the capacitor energy is completely transferred to a weaker battery cell. Therefore, the MOSFET switch power losses are reduced by about 52.8% more than in CICM. The MOS-FET switch power losses and the corresponding FFT frequency spectrums of the proposed battery equalizer in the DVCM are reduced than they are in the DICM and CICM. The energy harmonic spectrum is concentrated in the low frequency for CICM, and is dispersed low to higher frequencies in DCVM. Hence, the high frequency EMI emission is improved in a series-connected battery energy system with DCVM designed ICEs. The performance and capacity of the series connected lithium-ion battery string are improved by using the proposed battery equalization technology.
